In a geochemical characterization of surface waters draining granites of the Vienne district, France, isotopic signatures strictly linked to water-rock interactions were determined by applying a double correction for atmospheric and anthropogenic inputs; the former based on the conservative behaviour of Cl and the latter based on the Sr concentrations and isotopic signatures, which are the only variables with clearly identifiable characteristics. The double-correction concept was validated by comparing the results with the theoretical Sr isotopic signature of water in equilibrium with the parent rock. The weathering model is based on the preferential dissolution of the three main Sr-bearing mineral phases: plagioclase, potassium feldspar and biotite. The Sr isotopic signatures of the waters are in good agreement with the calculated ones. The relative scattering observed for waters draining the same plutonic intrusion can be explained by water-rock interactions within different layers of the weathering profile. Résumé Cette étude présente la caractérisation géochimique d'eaux de surface drainant des granitoïdes, dans la région de Vienne, en France. L'identification de la signature isotopique des eaux uniquement liée à l'interaction eau roche a été appréhendée par une double correction des apports atmosphériques et anthropiques. La correction atmosphérique est basée sur le comportement conservatif du Cl. La correction anthropique n'a été réalisée que sur les signatures isotopiques et les teneurs en Sr, qui sont les seules variables dont les caractéristiques sont clairement identifiables. Ce concept de double correction a été validé par comparaison avec la signature isotopique en Sr théorique d'une eau en équilibre avec une roche mère. Le modèle d'altération utilisé s'appuie sur la dissolution des trois principaux minéraux contenant du Sr (plagioclase, feldspath-K et biotite). Les signatures isotopiques en Sr des eaux sont similaires à celles issues du calcul. La relative dispersion des signatures au sein d'un même batholite peut s'expliquer par des interactions eau-roche dans différents niveaux du profil d'altération.
INTRODUCTION
Water resources in granitic environments often involve different hydrogeological compartments such as overlying sediments and sedimentary cover rocks (where they exist), as well as the weathered surface (alterites), the weathered fracture zone and the unweathered fracture zone of the granite. The weathered zone is commonly exposed to pollution (Négrel, 1999; Probst et al., 2000; Griffioen, 2001) , whereas the deeper aquifer in the fractured bedrock is better preserved and better reflects the water-rock interaction (Franklyn et al., 1991; Négrel, 1999; Pauwels et al., 2000) .
In this framework, understanding the structure and functioning of the different compartments of hard-rock aquifers is of primary importance. Previous studies in the Vienne district (western France) focused mainly on deep-fluid geochemistry in order to identify water origin and understand groundwater circulations in the granite batholith (Michelot, 1997; Casanova et al., 2001; Négrel et al., 2001) .
The present study aims at characterizing the hydrogeochemical and Sr isotopic signatures of surface waters draining the outcropping part of the granite batholith. The approach involves a double correction for atmospheric and anthropogenic inputs so as to assess the Sr isotopic signature derived only from surface water-rock interaction with no human disturbance. As these surface waters represent the potential recharge of the deep aquifer system, it is of fundamental importance to identify and characterize the geochemical processes (chemical weathering) occurring on the surface (Blum et al., 1994; Bullen et al., 1997) . The approach presented herein also provides a better understanding of the geochemistry of shallow aquifers in a bedrock context, which represent a water resource to be protected.
SITE LOCATION AND GEOLOGICAL SETTING
The study site is in the Vienne district, northwestern French Massif Central, at the boundary between the Paleozoic basement to the east and Mesozoic cover rocks to the west (Fig. 1) . The basement is composed of Devonian metamorphic units (gneiss, migmatite and amphibolite) with Carboniferous plutonic intrusions composed of massive granitic rocks cut by dikes from successive independent magmatic intrusions; the weathered granitic and metamorphic rocks now define an old denudation plain (Capdeville et al., 1983; Mourier et al., 1989) . The Mesozoic cover comprises 150 m of Jurassic sedimentary rocks (Capdeville et al., 1983) .
The main plutonic intrusions from which the surface drainage waters were sampled ( Fig. 1, Table 1 ) include an albite leucogranite (Blond), an Al-K granite association (Glane), a Mg-K subalkaline association (Esse), a calc-alkaline association (Chirac, Hiesse), a diorite (St Barbant), a granodiorite (Availles) and paragneiss .
SAMPLING AND ANALYTICAL METHODS
The physicochemical variables of the surface waters were measured in the field. Electric conductivity and water temperature were measured with a WTW â conductivity meter standardized to 20°C, and pH was measured with a combined Ingold â pH electrode and Orion â pH meter calibrated with standard buffers. Water samples collected for cation and Sr-isotope analysis were filtered on site through 0.2 µm cellulose acetate filters, stored in precleaned 250 ml polypropylene bottles and acidified to pH 2 with ultra-pure HNO 3 . Samples collected for anion analysis were subject to the same procedure, but were not acidified. Samples for stable isotope (O, D) determination were untreated; i.e. raw water samples. The samples are referenced Vyy-xxx, where V stands for Vienne, yy for the year of sample collection and xxx the sample number (Table 1) . Major anion analysis was performed with a Dionex â ion chromatograph, and cation analysis was done by ICP, both with a precision of 5%. The Sr-isotope measurements, after Sr chemical separation and purification on a Dowex â AG50X8 cation exchange resin with HCl 2N as eluant (Négrel & Deschamps, 1996) , were made on a W mono-filament with a Finnigan 
RESULTS AND DISCUSSION
The analysis results are given in Table 1 . Craig, 1961) and the second plots below this reference line. As the local meteoric line is not well constrained, the reference used was the data of a three-year rain monitoring programme at Dax in southwestern France, which has the same western climatic circulation influence (Chery et al., 1999; Petelet-Giraud et al., 2002) as the study area; the data are scattered in the same range. The single rain event analysed at Availles-Limouzine (Chery et al., 2000) gave the same signature as the second group of samples. The stable isotopes show that the signature of surface waters in the Vienne district has not been significantly modified from meteoric input, except sample V95-11 which presents clear isotopic enrichment as a result of evaporation.
Water chemistry
Electrical conductivity, reflecting the total inorganic mineralization in the water, shows a very broad range from 50 µS cm -1 (V98-108) to 8300 µS cm -1 (V95-10, mineral water) with pH varying between 5.02 (V98-107) and 7.87 (V01-203). The pH-electrical conductivity relationship, as described by Meybeck (1986) and previously observed in the Vienne district , reveals a covariance of both variables that reflects the drainage of contrasted lithologies such as non-carbonate detrital rocks, granitic rocks and carbonate rocks.
The Na/Cl ratio of the samples, compared to that of seawater (Berner-Kay & Berner, 1987) , shows that most of the waters are enriched in Na. This reflects their interaction with the metamorphic rocks and the calc-alkaline and Mg-K subalkaline magmatic associations. However, the mineral waters from Fonte Minérale d'Abzac (samples 9 and 10) describe a particular water type in that they are characterized by large amounts of Na and Cl (Table 1) and display ratios close to that of seawater.
Some samples show a clear Cl enrichment. As the local lithologies are all evaporite free, this must reflect an anthropogenic influence, probably linked to agricultural practices. Another way of demonstrating anthropogenic influence is through the Cl-NO 3 relationship (Fig. 3) , which here shows a very good correlation between the two variables (r 2 = 0.80); this correlation reflects a common origin probably linked to the use of fertilizers. Although such an approach based on the major elements can reveal evidence of anthropogenic influence, it is nevertheless necessary to verify that high NO 3 contents, sometimes over the drinking-water limit (Fig. 3) , are not actually due to concentration through evaporation. As a supplementary argument with regard to interpretation of the δ Total mineralization in surface water results mainly from three origins: (a) rain input, (b) anthropogenic input, and (c) water-rock interaction (Stallard & Edmond, 1981 , 1983 Meybeck, 1983) . In order to identify the water signature related only to water-rock interaction with the Vienne granites, it is first necessary to subtract that part of the mineralization carried by rainwater, as demonstrated by Meybeck (1983) .
Correction for atmospheric input
Quantification of the rainwater input requires knowledge of the chemical composition of the rain over the studied drainage basin (Likens et al., 1977; Meybeck, 1983; Négrel et al., 1993) . Here, the mean chemical composition of the rainfall at Tours over 1.5 years (Grosbois et al., 2000) was used, weighted by the quantity of each rain event. The rain collector was located about 100 km from the study site, at the same distance from the ocean and under the same climatic influence (Grosbois et al., 2000; Négrel et al., 2001) .
Because chloride ions show conservative behaviour throughout the hydrological cycle (Meybeck, 1979) , they can be used as a reference for atmospheric input in unpolluted hydrosystems. The correction for atmospheric contribution for any element Z in the river water can therefore be estimated by multiplying the river's Cl concentration (Cl ref Z/Cl ratio of rainwater (Meybeck, 1983; Négrel et al., 1993) . Note that chloride in the atmosphere originates from sea salts and from a wide range of human activities and that the release of Cl from rocks has only been identified in the case of evaporite weathering (Meybeck, 1979) . Therefore, for the present study, the highest concentrations of Cl derived from rainwater (Cl ref ) were calculated from the mean weighted rainwater Cl at Tours, multiplied by an evapotranspiration concentration factor F (1.5 for the studied region). This gave a maximum Cl ref of 118 µmol l -1
. When the Cl content of the river or spring sample was lower than Cl ref , the entire Cl content was assigned to atmospheric origin. Conversely, when the Cl content in the river was higher than Cl ref , an atmospheric correction was applied: Cl ref was taken as the rainwater input and the residual Cl in the river (after atmospheric correction) was attributed to anthropogenic input.
Applying the atmospheric correction to all the surficial water samples showed that only one (V95-11) derived its total Cl content from atmospheric input, and thus reflects no anthropogenic influence. All the other samples contained a residual Cl implying a second source (i.e. anthropogenic input).
Applying the atmospheric correction also resulted in negative values for certain elements, and in particular for potassium, which has a low concentration in surficial waters because of consumption by plant activity (Négrel et al., 1993) . The correction for nitrates also gave negative values in some samples due to (a) the large amount of NO 3 in rainfall relative to Cl (Berner-Kay & Berner, 1987) , and (b) the low NO 3 concentration in some surface-water samples due to natural denitrification; however, for most of the Vienne samples, less than 10% of the nitrates derive from atmospheric input.
The Sr content derived from atmospheric input varies from 1% (V97-103 and V98-103) to 35.5% (V01-200). Correction on the 87 
Sr/ 86
Sr ratio is always significant, even when the amount of atmospheric-derived Sr is low; the maximum correction (V01-200) involved modification to the second decimal, which is considerable.
Evidence for anthropogenic input and identification of potential sources
After correction for atmospheric input, the relationship between residual Cl and NO 3 still gives a good correlation coefficient (r 2 = 0.80), clearly implying a common origin linked to agricultural practices for both elements. It is thus necessary to characterize this anthropogenic influence. Grosbois et al. (2001) , and references therein, have reported the average signature of the agricultural component of the Loire drainage basin near the Vienne district as Cl ~500 µmol l . The influence of this anthropogenic component on the signature of most of the samples draining the Vienne granites can be assessed by comparing Mg vs Cl and Ca vs Cl. This reveals a trend between the natural end-member uninfluenced by human activity (low Mg [or Ca] and Cl contents) and the agricultural end-member. Samples with high Mg drain specific lithologies rich in Mg-bearing minerals: e.g. V95-12 and V97-12 drain the St Barbant quartz-rich diorite containing mafic amphibole (Fe-Mg rich), and V95-11 and V97-11 drain the Esse Mg-K subalkaline granite.
Comparing the Na and Cl concentrations is not the most appropriate way to discriminate water-rock interactions in granitic areas because Na is one of the main components of plutonic rocks. Nevertheless, it does indicate a sample scattering between three end-members: (a) low Na and Cl, (b) high Na and Cl, corresponding to the agricultural end-member as described by Grosbois et al. (2001) , and (c) low Na and high Cl, implying at least one other anthropogenic end-member to be identified. Water samples from the Vienne granites plot as a ternary relationship in a Ca-Mg diagram (Fig. 4): (1) a group with low Ca and Mg, which could represent weak waterrock interactions with no anthropogenic influence; (2) a group with high Ca and Mg corresponding to samples draining the Mg-K subalkaline associations-this signature is also similar to the mean agricultural end-member (Grosbois et al., 2001) ; and (3) a group with the highest Ca and Mg representing the signature of samples draining the quartzrich diorite. Samples plotting on a trend between groups 1 and 2 could be influenced by agricultural input, especially the waters draining the metamorphic rocks. Samples plotting between groups 1 and 3 could be interpreted representing an evolutionary water-rock interaction trend in which V95-12 and V97-12 would represent the term of the reaction. It was shown above that these two samples (V95-12 and V97-12) characterize a specific lithology of the calc-alkaline association (i.e. the quartz-rich diorite) and that other samples indicate a clear anthropogenic influence through their high Cl content. These observations imply a second anthropogenic end-member located along the trend between groups 1 and 3.
However, it must be noted that the implied second anthropogenic end-member cannot be characterized for all major-element concentrations. Consequently, it is impossible to compute the anthropogenic input correction for all elements, as can be done for the atmospheric correction. Srhigh Cl. End-members 1 and 2 both represent natural water-rock interactions, whereas end-member 3 reflects anthropogenic input and fully corresponds to the fertilizer endmember defined by Négrel (1999) . In a Sr isotopic composition vs Sr concentration diagram, mixing between end-members is represented by curves; however, applying a normalization to the Sr concentration transforms the curves to straight lines that are easier to interpret (Faure, 1986) . Sr and Sr contents of the water samples and, hence, characterize the Sr isotopic signature related only to water-rock interaction.
Correction for anthropogenic input of
The anthropogenic correction is done in the same way as the atmospheric correction. Considering that all the residual Cl after the atmospheric correction derives from anthropogenic input, the ultimate correction leads to all the samples having zero Cl content. The Sr derived from agricultural input varies between 0 and 53%, respectively, for V95-11, whose total Cl is derived from atmospheric input, and V01-206, which corresponds to a lake draining the Blond albite leucogranite. It is worth noting that the spring feeding this lake (V01-205) has only 14% of its residual Cl originating from agricultural input. The influence of the anthropogenic correction on the 86 Sr vs Cl/Sr for surficial waters in the Vienne district. The fertilizer end-member is from Négrel (1999) ; the agricultural end-member is defined by the Vienne samples corrected for atmospheric input; the two end-members with Cl/Sr ~0 represent natural water-rock interactions (WRI).
granite (V01-200, 205 and 206) , because it is here that the greatest difference in Sr signature between the samples and the agricultural end-member is found. Franklyn et al. (1991) , Zuddas et al. (1995) and Brantley et al. (1998) have demonstrated that the Sr isotopic composition in water is controlled by the chemical weathering of Sr-bearing minerals of the drained rock. Among the main minerals that constitute granitic rock, and that also contain a significant amount of Rb (and/or Sr), are apatite, feldspar (plagioclase and potassium feldspar) and mica (biotite and muscovite). The Sr-bearing phases with a high Rb content will have a 87 Sr/ 86 Sr ratio that increases with time, whereas the Sr isotopic ratio of a mineral with low Rb will not. During water-granite interactions, plagioclase theoretically dissolves more rapidly than the other Sr-bearing minerals (Lasaga, 1984) and so the Sr isotopic composition of water draining granites will reflect the preferential dissolution of plagioclase with a low 87 Sr/ 86 Sr ratio rather than the dissolution of the whole rock. However, the influence of other Sr-bearing minerals (mica and potassium feldspar), which give high Sr isotopic ratios, cannot be avoided (Blum et al., 1994; Zuddas et al., 1995; Bullen et al.,1997) .
Sr isotopic characterization of water-granite interactions
The Sr isotopic compositions and Sr concentrations for most of the granites of the northwestern part of the French Massif Central have been measured for dating purposes on whole rocks and/or separated minerals (Duthou, 1977 Sr ratios corresponding to the lower range of the whole-rock values (or plagioclase when available), agreeing with the hypothesis of McNutt et al. (1987) that the Sr signature is acquired by preferential hydrolysis of plagioclase rather than by whole-rock dissolution. However, for the massifs where Sr isotopic ratios are available for separated minerals, the water samples can present 87 Sr/ 86 Sr ratios higher than those of plagioclase, implying the dissolution of other minerals such as mica or potassium feldspar (Blum et al., 1994; Zuddas et al., 1995; Bullen et al., 1997) .
In order to characterize the theoretical Sr isotopic signature of a water interacting with a granite, a dissolution model was applied based on the hypothesis that most of the Sr comes from the dissolution of plagioclase, potassium feldspar and biotite (Fritz et al., 1992; Zuddas et al., 1995 , Bullen et al., 1997 Probst et al., 2000) . Moreover, as the newly formed phases are in equilibrium with their parent solution, only the Sr content of fluid is modified; the This model was computed on the Chirac granite where the mineralogical composition of the parent rock is known (30% plagioclase, 10% biotite, 20% potassium feldspar). The relative weatherability of the minerals, taking that of plagioclase as being 1, is 0.25 for biotite and 0.1 for potassium feldspar . The Sr isotopic data of each mineral are from Duthou (1977) . A sensitivity analysis of this model was realized by testing various mineral weatherability ratios (Blum et al., 1994; Zuddas et al., 1995) . This scattering of water signatures within the same plutonic intrusion can be explained by the spatial variability of the whole-rock signature, as has been shown by Duthou (1977) in the Vienne district. A second hypothesis is to consider that the scattering is due to water-rock interactions within different levels of the weathering profile: water interacting with the upper layers of the weathering profile will dissolve minerals that are more resistant to weathering (potassium feldspar and biotite) and thus will acquire a higher 87 Sr/ 86 Sr ratio than water reacting with fresh parent rock (e.g. at the base of the weathering profile) where it is plagioclase that will be preferentially hydrolysed (Négrel, 1999) . A third hypothesis concerns whether or not the duration of water-rock interaction is sufficient for equilibrium to be reached between the solution and the surrounding rock. Figure 7 clearly shows that waters draining the different plutonic intrusions present different Sr isotopic signatures, thus reflecting the various mineralogical compositions of the Vienne granites. However, it should be noted that waters draining the same plutonic intrusion also present variations in Sr isotopic composition and Sr concentration. (Négrel, 1999) . Négrel (op. cit.) explains the scattering as reflecting the drainage of different levels in the weathering profile according to the hydrological conditions; i.e. he assumes the variability to correspond to the second hypothesis (water-rock interactions within different levels of the weathering profile), even though the influence of the internal variability of the whole-rock composition, as demonstrated by Duthou (1977) , cannot be avoided.
CONCLUSION
The aim of this study was to characterize the surface waters draining the granites in the Vienne district. In order to identify water signatures related only to water-rock interactions, a double correction was applied for atmospheric and anthropogenic inputs in a lithologically contrasted area. The anthropogenic correction was performed for Sr concentrations and Sr isotopic signatures, which are the only variables for which characteristics can be clearly identified. In order to validate this double correction, the results were compared with the theoretical Sr isotopic signature of water in equilibrium with the parent rock. This alteration model is based on the dissolution of the three main Sr-bearing mineral phases (plagioclase, potassium feldspar and biotite). The comparison was done for the Chirac granite where the mineralogical composition is known, and it was found that the Sr isotopic signatures of the waters are in good agreement with the calculated signature. The relative scattering observed for waters draining the same plutonic intrusion can be explained by water-rock interaction within different layers of the weathering profile.
